There is a growing interest in the mechanisms that control the apoptosis cascade during development and adult life. To investigate the regulatory events that trigger apoptosis in whole tissues, we have devised a genetically encoded caspase sensor that can be detected in live and fixed tissue by standard confocal microscopy. The sensor comprises two fluorophores, mRFP, monomeric red fluorescent protein (mRFP) and enhanced green fluorescent protein (eGFP), that are linked by an efficient and specific caspasesensitive site. Upon caspase activation, the sensor is cleaved and eGFP translocates to the nucleus, leaving mRFP at membranes. This is detected before other markers of apoptosis, including anticleaved caspase 3 immunoreactivity. Moreover, the sensor does not perturb normal developmental apoptosis and is specific, as cleavage does not occur in Drosophila embryos that are unable to activate the apoptotic cascade. Importantly, dying cells can be recognized in live embryos, thus opening the way for in vivo imaging. As expected from the high conservation of caspases, it is also cleaved in dying cells of chick embryos. It is therefore likely to be generally useful to track the spatiotemporal pattern of caspase activity in a variety of species.
D
uring embryogenesis, apoptosis contributes to morphogenesis by sculpting tissues. It also maintains tissue homeostasis by removing mis-specified or superfluous cells. Relatively little is known about the mechanisms that allow such cells to be recognized and tagged for elimination (see ref. 1 for review). As a first step toward elucidating these mechanisms, we sought to devise a reporter assay that would highlight, at the earliest juncture and in live animals, cells earmarked for apoptosis. The molecular drivers of cell death are cysteine proteases of the caspase family. Caspases are divided into two classes: (a) the apical caspases, which trigger the apoptotic cascade, and (b) the effector caspases, which cleave cellular proteins and are thus responsible for the apoptotic phenotype (see ref. 2 for review). Because spurious caspase activity is potentially deleterious, caspases are under tight inhibitory control. For example, in the absence of the caspase inhibitor known as the Drosophila inhibitor of apoptosis protein 1 (DIAP1), which is encoded by the thread gene in Drosophila, every cell of the embryo undergoes apoptosis (3). Thus, the proapoptotic genes located at the H99 locus trigger apoptosis by causing the degradation of DIAP1 (2) . DIAP1 is also cleaved by downstream effector caspases, which also leads to its degradation (4) .
Results and Discussion
Rationale and Design. We capitalized on DIAP1 cleavage to design a reporter of caspase activity that is effective in live and fixed tissue and could therefore be used to study the spatial and temporal control of these important enzymes during development and tissue homeostasis. The sensor, which we call Apoliner, involves two fused fluorescent proteins that become separated by caspase activity. Following cleavage, the two moieties become differentially localised because of distinct subcellular localisation signals. Specifically, the sensor comprises, from the amino-to the carboxy-terminus, a transmembrane domain (from mouse CD8), mRFP, a caspase sensitive site from DIAP1, a nuclear targeting signal, and eGFP (Fig. 1A) . We reasoned that in live cells, the two fluorescent proteins would reside at the membrane but that in the presence of active caspases, the NLS-eGFP moiety would be released and allowed to accumulate in the nucleus. As a caspase sensitive site, we used a fragment of DIAP1 that is efficiently cleaved by the effector caspases Drice and Dcp1 (4). Importantly, this fragment is cleaved more rapidly than the minimal consensus site (DQVD) because it includes a BIR1 domain, which enhances recognition by caspases (P. M., unpublished data). To prevent degradation of NLS-eGFP by the N-end rule, the two asparagines located downstream of the exact cleavage site (DQVDNN) were replaced (see Materials and Methods). For control experiments, we made a construct that included the same region of DIAP1 except that it contained a single point mutation (DQVANN) that abrogates cleavage (4) . This construct will be referred to as ''Apomut.' ' Apoliner cleavage was first assessed on a Western blot. A plasmid encoding Apoliner was transfected in S2 cells carrying MT-reaper (4) so that reaper expression, and hence apoptosis, could be induced at specific times by addition of copper sulfate to the medium. After induction, Apoliner is rapidly cleaved, as reflected by the disappearance of the full-length form in Western blots (Fig. 1B Upper, lanes 2-5) . Concomitantly, the GFPcontaining fragment can be detected as a band accumulating Ϸ40 kDa (Fig. 1B Lower, lanes 2-5) . Note that this cleavage is already complete at a time when only a faint band of cleaved Drice can be detected (compare Fig. 1 B and C, time 60 min). As expected, at this time, nuclear GFP signal can detected by confocal microscopy (compare Fig. 1 D and E, and see supporting information [SI] Fig. S1 ). As a control for the Western blot experiment, we used uninduced MT-reaper cells: only limited cleavage is detected (Fig. 1B, lane 1) . Basal cleavage could reflect normal background apoptosis in cultured cells or leaky expression from the uninduced MT-reaper construct. Apoliner cleavage is most likely due to caspase activity since Apomut remains uncleaved even after induction of apoptosis (Fig. 1B , Apomut lanes). Moreover, no GFP is detected in the nucleus of cells expressing Apomut, whether apoptosis is induced or not (Fig. 1F) . We conclude that Apoliner is cleaved after activation of apoptotic caspases, suggesting that it is a good caspase sensor.
Apoliner Reports Caspase Activity in Vivo. To further assess the effectiveness of Apoliner in vivo, we examined dMP2 neurons, which undergo segment-specific programmed apoptosis in late embryogenesis (5) . At embryonic stage 16, two dMP2 neurons are detectable in every segment of the embryonic ventral nerve cord as revealed by expression of the dMP2-Gal4 driver. At embryonic stage 17, dMP2 neurons in the anterior segments (A3 to A5) undergo apoptosis, whereas their counterparts in more posterior segments persist. We used dMP2-Gal4 to express Apoliner and compared the time of cleavage to that of cleaved caspase-3 immunoreactivity in dMP2 neurons. Fig. 2 shows that Apoliner is cleaved in anterior dMP2 neurons (A4 and A5, Fig.  2 A-C, white arrows) but not in the posterior neurons, as expected (A6 and A7, Fig. 2 A-C, outlined arrows). Although dMP2 neurons in anterior segments always die, they activate apoptosis metasynchronously (5) . Because of the slight temporal variation, cells at different stages of programmed cell death are seen in a given fixed preparation. This explains the variation in the intensity of anti-activated caspase 3 in A4 and A5 (compare for example the two cells in A4). We find that Apoliner is cleaved in all of the dMP2 neurons that are stained with anti-activated caspase 3. However, the Apoliner signal is always relatively weaker in cells that have strong activated caspase-3 signal (e.g., arrowhead). We suggest that at this late stage of apoptosis, the caspase signal is already waning because of extensive proteolysis. Importantly, Apoliner cleavage is often detected in neurons that have no detectable activated caspase 3 but are known to be fated to die (Fig. 2 , white arrow). This suggests that Apoliner identifies apoptotic cells selectively, and before they are recognizable with anti-cleaved caspase 3 antibodies.
To determine whether Apoliner allows the detection of caspase activity in live embryos, we performed time-lapse imaging of the epidermis, which is optically accessible. In this tissue, there is no precise pattern of cell death but there is a general tendency for apoptotic cells to appear at or around segment boundaries from stage 11 onward (6). Expression of Apoliner in the embryonic epidermis was driven with the 69B-Gal4 driver (7) and the ventral side was imaged by time lapse confocal microscopy from stage 12 onward (i.e., after the onset of developmental apoptosis). Selected frames from a resultant movie (see Movie S1) are shown in Fig. 3 . An Apoliner positive cell can be recognized in the first frame (arrow in Fig. 3A ) and tracked for an extended period, up to engulfment by a macrophage. Interestingly, macrophages (arrowhead in Fig. 3 A, D, and E) become bright red, probably as a result of accumulated membranous RFP from engulfed epidermal cells. The observations above show that Apoliner can be used to track dying cells in live embryos, thus making it a valuable tool to explore the control of apoptosis.
Apoliner Is Not Cleaved in the Absence of Apoptosis. In all of our experiments, we found that cells identified as apoptotic by standard methods (cleaved caspase 3 immunoreactivity, TUNEL staining, the presence of a picnotic nucleus, or engulfment) invariably contain cleaved Apoliner. To ask if Apoliner is spuriously activated in the absence of activated caspases, we expressed Apoliner in H99 mutant embryos, which lack the three major proapoptotic genes (8) and therefore have drastically reduced caspase activity. Such embryos, which are easily recognized by the near complete absence of TUNEL signal (Fig. 4E) , show no sign of Apoliner cleavage in the epidermis (see and compare with control wild-type embryos in Fig. 4B ). Similarly, Apoliner cleavage is greatly reduced when p35, an inhibitor of effector caspases (9) is overexpressed (data not shown). These data, along with the finding that Apomut is not cleaved in apoptotic cells ( Fig. 1 B and F) , demonstrate that Apoliner is specifically cleaved upon caspase activation. showing that developmental apoptosis is unaffected (compare Fig. 4 A and D) . Second, overexpressed Apoliner does not interfere with experimentally induced apoptosis in the eye (see Fig. S2 ). Third, the timing of apoptosis activation in the dMP2 neurons is unchanged when Apoliner is expressed. As expected then, expression of Apoliner with a variety of Gal4 drivers causes no noticeable effect on organismal viability or health. There is, however, one exception: low-level expression of Apoliner under the direct control of the tubulin alpha1 promoter (10) causes male sterility and morphological defects in the testis (data not shown). Because no deleterious effect is seen in other tissues, the effect seen in the male germ line may result from the disruption of an atypical requirement for caspase activity during spermatogenesis. It is worth mentioning that a BIR1-domain containing protein (dBRUCE) has been shown to have a testis-specific function (11) . Note also that Apomut causes the same morphological defects in the testis as Apoliner. It is therefore conceivable that the BIR1 domain, which is present in both constructs, could interfere with dBRUCE function.
Apoliner Is a Reporter of Apoptosis in the Chick. Because caspases are highly conserved, we surmised that Apoliner could be used to reveal caspase activity in other model organisms besides Drosophila. This was tested in chick embryos. A DNA fragment encoding Apoliner was put under the control of the CMV promoter and the resultant plasmid was electroporated into the spinal cord of chick embryos, either alone ( Fig. 5 A and B) or with an AP2␣-expressing construct, which is known to cause apoptosis (M. Cheung and J.B. unpublished observation; Fig. 5  C and D) . In the absence of experimentally induced apoptosis, 6-7 h after electroporation of Apoliner, the membrane of most transfected cells (e.g., arrow in Fig. 5A ) is both magenta (RFP) and green (GFP), appearing white in the merge. Only a few cell corpses are seen (e.g., arrowhead in Fig. 5A ). By contrast, 6-7 h after coelectroporation of Apoliner and the apoptosis-inducing plasmid, RFP and GFP no longer colocalize, showing that Apoliner was cleaved (Fig. 5C, arrow) . At this early time, relatively few anti-cleaved caspase 3 positive cells are detected (data not shown). Only 10 h after electroporation does widespread anti-cleaved caspase 3 immunoreactivity appear (Fig.  5D) , thus confirming the activation of apoptosis detected earlier with Apoliner. We conclude that Apoliner is rapidly cleaved by caspases in chick embryos, and that Apoliner could therefore be used to track caspase activation in this and probably other vertebrates.
Conclusion
In summary, Apoliner provides an early marker for caspase activity. The results of our experiments in Drosophila show that Apoliner is specific and relatively innocuous. Because it is genetically encoded, it can be expressed in a subpopulation of cells. By combining this feature with cleavage detection on Western blots, one can envisage tracking cell death in specific tissues in a quantitative way. Furthermore, Apoliner is suitable for live imaging, thus allowing dying cells to be tracked over extended periods of time, potentially from activation of apoptosis to removal by macrophages. Importantly, Apoliner does not require sophisticated imaging equipment as it relies on two commonly used fluorescent proteins. In addition, Apoliner is not merely based on a minimal cleavage site. It contains a recognition sequence that boots efficiency and specificity (see Rationale and Design). These unique features make Apoliner a good alternative to previously described FRET-based sensors (see ref.
12 for example). Our chick experiments suggest that Apoliner will find applications in a variety of model organisms. Although Apoliner primarily marks apoptotic cells, it is important to point out that it is a caspase sensor not an apoptosis marker. It is therefore expected to also detect caspase activity that is not accompanied by apoptosis. Indeed, consistent with earlier reports of nonapoptotic caspase activity (reviewed in ref. 13) , we have observed patterned low level Apoliner cleavage in imaginal disk cells that are known not to undergo apoptosis (unpublished data). Apoliner is therefore a general marker of caspase activity that will help exploring how these important enzymes are regulated during development.
Materials and Methods
Generation of the Apoliner and Apomut Constructs. DNA encoding the Nterminal region (transmembrane domain) of mouse CD8 and eGFP (10) was used as a starting point. The coding region of monomeric RFP (14) was amplified by polymerase chain reaction with primers containing BglII sites and inserted at the unique BamHI site lying in between mCD8 and eGFP. In the 3Ј primer, we also incorporated a AgeI, a BamHI site and a DNA fragment encoding the NLS of the large T antigen (CCCAAGAAGAAGCGCAAGGTG). The N-terminal part of DIAP1 (amino acids 1-146) was amplified by polymerase chain reaction and inserted between the AgeI and BamHI sites. The actual cleavage site of DIAP1 (DQVDNN) was modified to DQVDGV to prevent degradation of the cleaved product by the N-end rule pathway (4). This was used to generate Apoliner. In a different construct, we used a mutated fragment of DIAP1 that cannot be cleaved (DQVANN). This was used as a control for the specificity of Apoliner and is called Apomut (Fig. 1 and data not shown). After insertion of the DIAP1 fragment, the DNA encoding Apoliner or Apomut was excised from Bluescript using the XhoI (blunted) and XbaI sites. The resulting fragment was ligated in the NotI (blunted) and XbaI sites of a CaSpeR4 previously modified to carry the tubulin1␣ promoter and the SV40 polyadenylation site (10) . The resulting Tub-Apoliner (and Tub-Apomut) was used for expression in S2 cells and also to make transgenic flies. Apoliner was . Relatively few red-only corpses can be seen (outlined arrowhead). These probably reflect the low-level apoptosis that occurs in these samples. By contrast, extensive apoptosis is seen after AP2␣ expression. This is clearly seen by anti-cleaved caspase 3 staining 16 -17 h after electroporation (D) but not yet detectable with the same method 6 -7 h postelectroporation (data not shown). In similarly treated spinal cords, as early as 6 h after electroporation, GFP and RFP are seen in distinct subcellular compartment more frequently than in controls (C, arrow). As can be seen, the GFP fills a large fraction of the cell body, consistent with nuclear localization, because the nucleus occupies most of the cell body in these neurons at this stage (see ref.
17 for example).
Supporting Information
Bardet et al. 10.1073/pnas.0806983105 Fig. S1 . Apoptosis in S2 cells induces Apoliner cleavage. S2 cells were transfected with Apoliner and then separated into four groups. One group was fixed 48 h after transfection (t ϭ 0 min). The others were instead exposed to UV for 10 min and then fixed at various subsequent times, as indicated. Each group was then analyzed by confocal microscopy and cells were assigned to one of three categories according to the subcellular distribution of the two Apoliner fluorophores. In one group, GFP and RFP co-localize at membranes, indicating no cleavage (Right Lower). In the second group, RFP is at membranes and GFP in the nucleus, an indication of apoliner cleavage (Right Middle). In the last category, RFP is at membrane and GFP is barely detectable (Right Upper). This latter category becomes increasingly represented over time, suggesting that it represents a late stage of apoptosis. Presumably a late-staged nuclear GFP signal has been degraded by proteolytic activity. As expected, the number of cells in which RFP and GFP co-localize decreases after UV treatment. 
